Purpose: Biallelic pathogenic variants in the mismatch repair (MMR) genes cause a recessive childhood cancer predisposition syndrome known as constitutional mismatch repair deficiency (CMMRD). Family members with a heterozygous MMR variant have Lynch syndrome. We aimed at estimating cancer risk in these heterozygous carriers as a novel approach to avoid complicated statistical methods to correct for ascertainment bias.
INTRODUCTION
Lynch syndrome (MIM 120435) is an inherited autosomal dominant condition predisposing to the development of primarily colorectal and endometrial cancer. It is caused by pathogenic variants in the mismatch repair (MMR) genes MLH1 (MIM *120436), MSH2 (MIM *609309), MSH6 (MIM *600678), and PMS2 (MIM *600259). Estimation of Lynch syndrome-associated cancer risk is challenging because until recently, testing for Lynch syndrome was based on clinical or family history criteria such as the Amsterdam II criteria and the (revised) Bethesda guidelines. 1, 2 Consequently the majority of known Lynch syndrome families were ascertained based on familial cancer history. In recent years there has been a shift toward universal screening of all colorectal and endometrial cancer patients for tumor hallmarks of Lynch syndrome. 3, 4 These hallmarks include aberrant immunohistochemistry for the MMR proteins and the presence of microsatellite instability. 5, 6 Furthermore, panel testing of cancer genes, including the MMR genes, is becoming standard practice and is also performed in families with a cancer history that does not necessarily include Lynch syndrome-associated cancers. 7 Families identified through universal screening or panel testing may show lower penetrance for Lynch syndrome-associated malignancies, and Hampel et al. were among the first to notice that Lynch syndrome cancer risks are not as high as previously estimated based on analyses of families ascertained using existing guidelines. 8 Appropriate surveillance measures for these newly identified families can only be established if risks can be estimated accurately.
Based on retrospective cohorts, current estimates of lifetime colorectal cancer risks for carriers of pathogenic variants in MLH1 and MSH2 are between 52% and 97%. 9 Colorectal cancer risk estimates are lower for carriers of a pathogenic variant in MSH6 (22-36%) and lowest of all for PMS2 (11-20%). [9] [10] [11] [12] A recent study of a prospective cohort of pathogenic MMR variant carriers undergoing surveillance reported even lower risks, with colorectal cancer risks of 12% for MSH6 and 0% for PMS2, respectively. 13 As in the general population, men with Lynch syndrome appear to have a higher colorectal cancer risk than women.
14 In most studies, statistical approaches such as modified segregation analysis, exclusion of index cases, and genotype-restricted likelihood estimates have been used to correct for ascertainment bias, but these methods are complex and rely on specific assumptions, and it is difficult to prove that they do not lead to either under-or overestimation of true risk. 14 Indeed, Vos et al. showed that a substantial proportion of the variation found in cancer risk estimation in selected hereditary breast cancer families, who show similar ascertainment patterns to Lynch syndrome families, can be explained by the different ascertainment correction method used. 15 An alternative approach that minimizes the need for ascertainment bias correction is the selection of families in which the index patient has constitutional mismatch repair deficiency (CMMRD). This childhood cancer predisposition syndrome is caused by biallelic pathogenic variants in one of the MMR genes, most commonly in PMS2. The syndrome is characterized by the development of a broad spectrum of cancers, including hematological, central nervous system, and gastrointestinal neoplasia at a very young age. CMMRD patients may also show signs suggestive of neurofibromatosis type 1, most commonly café au lait macules. 16 The CMMRD phenotype is so striking that the diagnosis is often suspected regardless of family history and in one report only 6 of 23 CMMRD patients (26%) had a family history of Lynch syndrome-associated cancers. 17 Identification of a child with CMMRD means that both parents are likely to be heterozygous for a pathogenic MMR variant and are at risk for Lynch syndrome-associated malignancies; other family members may similarly be at risk. Because these families were identified due to the CMMRD phenotype rather than family history, they likely represent a near random sample of Lynch syndrome families.
Pathogenic variants in PMS2 were once considered rare and were thought to account for less than 5% of all Lynch syndrome cases. 18, 19 Nevertheless, germline pathogenic variants in PMS2 were found in a small yet significant proportion (at least 0.57%) of universally screened colorectal cancer cases, 20 and recent insights suggest that the carrier frequency for pathogenic variants in PMS2 and MSH6 in the general population is actually much higher than for MLH1 and MSH2. 21 The majority of CMMRD patients carry variants in PMS2, followed by MSH6, while MLH1 and MSH2 variants are rarely associated with CMMRD. 16 One explanation for this phenomenon is that biallelic pathogenic variants in MLH1 and MSH2 may be embryonically lethal. 22, 23 However, a higher carrier frequency for variants in PMS2 and MSH6 may also (partly) explain differences in the frequency of pathogenic variants in the MMR genes among patients with CMMRD.
Here we report cumulative cancer risks in family members of CMMRD patients with variants in the PMS2 or MSH6 genes. This study will not only help in the counseling of family members of CMMRD patients, but also represents a novel approach to determining cancer risk in Lynch syndrome.
MATERIALS AND METHODS

Data collection
Families were collected through international collaborations with clinical genetics departments and consortia and by following up CMMRD families described in literature. Corresponding authors were contacted to collect (more) family data. Family structure was recorded and information was collected on each family member regarding gender, variant status, cancer status and age at cancer diagnosis, and last contact or death. A diagnosis of CMMRD was considered confirmed if pathogenic variants were identified or if strong indicators of CMMRD were identified (i.e., phenotype and inheritance pattern plus aberrant immunohistochemistry and/ or microsatellite instability in non-neoplastic tissue and/or abnormal functional tests). 24 As classified in the InSiGHT database (http://www. insight-database.org/classifications/), 31 unique class 4/5 pathogenic variants in PMS2 and 19 class 4/5 pathogenic variants in MSH6 were found in our cohort. 25 Another 30 variants in PMS2 and 8 variants in MSH6 have not been officially classified to date, but were deemed either class 4 or 5 (i.e., [likely] pathogenic) by an expert in the field (H.M.v. d.K.) according to InSiGHT variant classification criteria. Twenty variants of uncertain significance (VUS), distributed over 18 families, were identified and included in the analyses (Tables S1-S4 ). Seven of the VUS were identified in trans with a (likely) pathogenic variant. Since the patients carrying these VUS displayed a CMMRD phenotype this argues in favor of a functional impact of the variants on protein function. Furthermore, six of the VUS were identified in previously published CMMRD patients (Tables S3 and S4 ) and as such these variants were considered the most probable cause of the phenotype in these patients. The remaining seven variants were all identified in patients with a CMMRD phenotype and were considered a probable cause of the phenotype by the reporting laboratory and clinicians.
Statistical analysis
Eligible first-and second-degree family members for the risk analysis were defined based on complete data describing gender, age at cancer diagnosis, last contact or death, and status as a (possible) carrier of the PMS2/MSH6 variant. Proven and obligate carriers as well as untested family members were included, whereas noncarriers, as confirmed by DNA analysis, were excluded. Known CMMRD patients were excluded from the analysis, as were (deceased) siblings of a CMMRD patient when they had a cancer within the CMMRD spectrum. In consanguineous families, family members with an unknown variant status, but a cancer diagnosis within the CMMRD cancer spectrum at a young age (i.e., <25 years of age) were considered to be homozygous carriers and were thus excluded from the risk analysis. The total number of colorectal and endometrial cancers is described for the total cohort as well as for the part of the cohort included in the risk analysis. To avoid a reporting bias due to distant relatives (distant family members may be more likely to be included in the pedigree if they were affected, while unaffected distant family members may go unreported), only first-and second-degree relatives of the index patients were included in the risk analyses. This approach was supported by both visual inspection of the pedigrees and by an otherwise unexplained increase in colorectal cancer frequency among more distant family members (data not shown, available upon request).
Colorectal cancer risk is reported as cumulative incidence at age 70, accounting for death and other cancer diagnoses as competing risks. 26 Age at removal of a colon polyp was included as a censoring event because the likelihood of developing colorectal cancer is probably reduced after this preventive measure. Likewise, family members were censored at the development of any type of cancer, excluding basal cell carcinoma, because treatment of a cancer (e.g., by radiotherapy or chemotherapy) might influence future cancer risk.
To avoid testing bias, which may arise when the decision to undergo genetic testing is related to cancer status, we included untested family members in our study, weighted according to their genetic distance to confirmed carriers. Specifically, variant probabilities based on kinship coefficients were used as analytical weights in a Cox proportional hazard regression to model the hazard of developing colorectal cancer in the presence of competing events (death and other cancer diagnosis), and including sex as a covariate (for details see "Statistical Methods" in the Supplemental Data). For example, first-degree relatives of a confirmed carrier who were not tested were given a weight of 0.50, whereas second-degree relatives had a weight of 0.25. Confidence intervals (CIs) were obtained by bootstrapping at family level (1000 repetitions).
Medical ethical approval for this study was obtained through the ethics committee of Leiden University Medical Centre (reference number P14.090). Informed consent was not required because all data was collected anonymously.
RESULTS
After exclusion of the CMMRD cases, the PMS2 cohort included 1809 family members from 77 families and the MSH6 cohort consisted of 561 family members from 26 families.
Age at colorectal and endometrial cancer diagnosis Sixty patients from 31 families were diagnosed with colorectal cancer in the total PMS2 cohort, and 16 women from 14 families were diagnosed with endometrial cancer after excluding the CMMRD cases. Age of colorectal cancer diagnosis within this cohort ranged from 36 to 80 years, with a median age of 60 years. Age at diagnosis was unknown for 17 colorectal cancer cases ( Table 1) . For the 16 endometrial cancer cases, the age at diagnosis ranged from 40 to 85, with a median of 61 years. Age was missing for only one of these cases.
Seventeen patients from 12 families were diagnosed with colorectal cancer in the total MSH6 cohort after exclusion of CMMRD cases. Age of colorectal cancer diagnosis in this cohort ranged from 42 to 58 years, with a median of 48 years ( Table 1) . There were five cases of endometrial cancer distributed over four families, with a median age at diagnosis of 54 years and an age range of 47 to 59 years.
Other cancers
While a range of other cancer types were reported in both the PMS2 and MSH6 cohort, low numbers did not allow risk analyses to be performed. The most commonly reported cancers were breast cancer, lung cancer, leukemia, and prostate cancer ( Table 1 and Table S5 ).
Colorectal cancer risk
For individuals with CMMRD and variants in PMS2, 549 family members from 64 families were eligible for risk analysis; of these, 212 were confirmed or obligate carriers and the rest potential carriers. The estimated cumulative colorectal cancer risk at age 70 for heterozygous PMS2 variant carriers was 8.7% (95% CI 4.3-12.7%, Fig. 1 ) for both sexes combined, and was 9.9% (95% CI 4.9-15.3%) for men and 5.9% (95% CI 1.6-11.1%) for women. Endometrial cancer risk could not be estimated due to the low number of events (n = 8).
For MSH6, 148 family members from 24 families were eligible for risk analysis; of these 69 were confirmed or obligate carriers and the rest potential carriers. The cumulative colorectal cancer risk at age 70 for heterozygous MSH6 gene variant carriers was 11.8% (95% CI 4.5-22.7%, Fig. 2 ) for both sexes, and 10.0% (95% CI 1.8-24.5%) and 11.7% (95% CI 2.1-26.5%) for men and women, respectively. There were no cases of endometrial cancer that could be included in the risk analysis.
DISCUSSION
Using a new approach to establishing cancer risks in Lynch syndrome, we can confirm the low PMS2-and MSH6-associated colorectal cancer risks reported in previous studies that used ascertainment bias correction methods [10] [11] [12] 14 or prospective data. 13, 27 The main strengths of our approach were the reduction in clinical ascertainment bias by analyzing family members of CMMRD patients and the use of a competing risk analysis approach to avoid bias due to informative right censoring. Our results further indicate that gene-specific surveillance guidelines are needed to avoid subjecting carriers at low cancer risk to the invasive processes of surveillance, in some cases from an unnecessarily young age. The earliest age of colorectal cancer diagnosis was 36 and 42 years for PMS2 and MSH6, respectively, well above the age (20-25 years) at which surveillance is usually started for individuals with Lynch syndrome. 28 This suggests that, in heterozygous carriers of PMS2 or MSH6 variants from families that do not meet clinical selection criteria for Lynch syndrome, surveillance could be started at a later age, e.g., at 35-40 years. Although current lifetime risk estimates are only slightly (2-3 times) elevated above the population risk of ~4%, 29 there are indications (e.g., from the median age at diagnosis) that risk is elevated at younger ages, and a faster progression from precursor lesion to carcinoma cannot be excluded. Therefore, we do not recommend that surveillance be omitted based on the current data. Furthermore, large variation in penetrance has been observed in clinically ascertained families, indicating that other risk factors may influence risk. Together these considerations suggest that our risk estimates remain useful when counseling families who were not ascertained based on criteria such as the Amsterdam II criteria and the (revised) Bethesda guidelines, e.g., families with a CMMRD proband or with a pathogenic MMR variant identified as an incidental finding through exome sequencing. However, they should be used with caution in more severely affected families, for example when a family history fulfills the Amsterdam criteria. 2 Unfortunately, both cohorts were too small to provide risk estimations for endometrial cancer. It is striking that there were only some cases of endometrial cancer in the total MSH6 cohort and none that could be included in the risk analysis, while the risk of endometrial cancer in MSH6 has been reported to be high. 27 This may be partly due to the relatively low median age of 45 years (Table 1 ) of the cohort, while the youngest age at diagnosis of endometrial cancer was 47 years ( Table 1) .
There are some limitations to the current study. Firstly, genotype-phenotype correlations in Lynch syndrome and CMMRD have been proposed (although thus far no conclusive evidence has been yielded and some studies even show contradictory results). [30] [31] [32] [33] [34] [35] If correlations exist, variants with a milder phenotype might be overrepresented in a CMMRD cohort. For PMS2, age at cancer diagnosis and risk estimates were within the range of previous retrospective studies that corrected for ascertainment bias, indicating that we have not selected a cohort of (solely) low-risk PMS2 alleles. [10] [11] [12] Cancer risk estimates and age at cancer diagnosis for MSH6 are similar to a study by Bonadona et al., 36 but risk estimates are slightly lower than those reported by Baglietto et al. 37 A possible mechanism for a genotype-phenotype correlation could be nonsense-mediated messenger RNA (mRNA) decay. Nonsense-mediated decay (NMD) detects mRNAs with premature termination codons and initiates their degradation, preventing potential dominant negative effects from truncated proteins. 38 Some variants, e.g., missense variants, are likely to escape NMD. To assess a possible role for NMD, we performed a stratified risk analysis that divided family members into groups based on whether their risk variant is expected to result in NMD, as described previously (Suerink et al. 30 ). Family members were excluded from this analysis when no reliable prediction of NMD was available for the variant or if it was not known which variant segregated in which half of the family (maternal or paternal). This analysis produced no clear genotype-phenotype correlations and for both genes cases of colorectal cancer were seen in the NMD group as well as in the group with predicted retention of RNA expression. However, it should be noted that wide confidence intervals excluded detection of small differences (data available upon request). Whether risk stratification is possible based on genotype will require further study.
It could also be argued that a bias toward a milder phenotype is inherent to our cohort because those who die of cancer at a young age cannot have children with CMMRD. However, because both the parents and more distant relatives were included in the current analyses, it seems unlikely that this possible bias could have a major impact, particularly because the youngest age at colorectal cancer diagnosis within the total cohort was 36 years.
Another potential problem was testing bias, which arises because family members with cancer are more inclined to undergo genetic testing. We therefore used variant probabilities based on genetic distance to confirmed carriers as analytical weights in our statistical analysis, which also enabled inclusion of untested family members. By including obligate carriers in the analysis there is a risk of misidentifying someone as a possible carrier because the CMMRD patient may have had a de novo variant. However, de novo variants are rarely reported in Lynch syndrome (2.3% in a cohort described by Win et al. 39 ) and a large proportion (55% and 50% for PMS2 and MSH6, respectively) of CMMRD index patients were homozygous for one variant and/or were from consanguineous families. Moreover, a major testing bias was not expected due to a low overall cancer risk and because a relatively large proportion of confirmed carriers were obligate carriers (45/212 [21%] for the PMS2 cohort and 21/69 [30%] for the MSH6 cohort) whose testing status is by definition uninfluenced by their phenotype. It is worth mentioning that while our approach avoids clinical ascertainment bias, the selection strategy results in a relatively young cohort, which implies large uncertainty in the incidence estimation at older ages, as reflected by the broad confidence intervals in Figs. 1 and 2 .
A final limitation of our study that could impact the reliability of data is the fact that most cancer diagnoses in this cohort were based on the proband's knowledge of family history rather than on medical records. Reassuringly, a 2011 study showed that the accuracy of reported colorectal cancer for first-degree family members was over 90% (ref. 40 ). Because we included only firstand second-degree family members, with family history reported by the parents in most cases, we expect a comparable accuracy rate in our risk analysis.
To complement and confirm the data presented here, we suggest a similar risk analysis should be performed in PMS2 and MSH6 families detected through universal screening of colorectal cancers for mismatch repair deficiency. These families will also be less affected with ascertainment bias.
In summary, we used an alternative approach to establish colorectal cancer risk in Lynch syndrome patients with PMS2 and MSH6 variants in CMMRD families. We confirmed this relatively low cancer risk relative to earlier, biased estimates of risk. These results underline the need for gene-specific surveillance protocols for PMS2-and MSH6-related Lynch syndrome families. Further investigations will be required to estimate the cancer risk for other Lynch syndrome-associated malignancies for PMS2 and MSH6, as well as estimating unbiased cancer risks estimates for carriers of pathogenic variants in MLH1 and MSH2.
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